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ABSTRACT

This handhook has heen prepared to facilitate the design of ezethan
covers te control rzdon emssion from uranium mill tailings. Radon
emissions frem bare and covered uranium mill tailings can be estimated from
equations based on diffusion theory, Basic equations are presented for
calculating surface radon fluxes from covered tailings, or alternately, the
‘cover thicknesses required tc satisfy a given raden flux critericn. Also
described is a computer code, PAECOM, for calculating cover thicknesses and
surface fluxes. ljethods are also described for measuring diffusion
coefficients for radon, or for estimating them from empirical correlaticns.
Since loung-term soil moisture content s a critical parameter in
determining the value of the diffusion coefficient, methods are given for
estimating the long-term meisture contents of soiis. The effects of cover
defects or advection are 1l1so discussed and guidelines are given for
determining if they are significant. For most practical cases, advection
| and cover cafect effects on radon flux can be neglected. Several exampies
! are given to demonstrate cover design calculations, and an extensive list
of references is included.
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This haencbook has been presared te facilitate the design of carthen
covers to contrcl radon emission from uranium mitl tailings. It containg
specific precedures for dssigning tailings covers for adequate readon
attenuation. The procedures are presentesd s2 that the design analysis can-
be performed with either nand calculators or with more complex computer
models., Both methods give sufficient accuracy in the required cover
thickness for most practical applications. The handhook also contzins a
greatly expanded data base for estimating diffusion ccefficients based upon

s0il type, compaction and moisture content.

The handbook addresses the following main teopics important in
evaluating the effectiveness of cover desigrs for radon attenuation.

1. Concise procedures for calculating cover thicrnescses required
to satisfy the design criterion using both exact and
approximate expressions.

2. Experimental techniques used to measure the raden diffusion
coefficients €or cover materials. -

3. Procedures and a data base for estimating diffusion
coefficients for cover materials for use when specific
measurements on the material are not available.

In addition, the handbook contains supporting information in the
following areas:

1. An identification of other key references relating to radon
transport through materials. This also includes recent
field verification of both the calculational procedures
and the laboratory measurements.

2. A discussion of the characteristics of the radon source
term and its influence on cover cesign.

3. The mathematical development of the procedures and a
listing of the RAECCH computer program and input data format.

Radon does not combine readily with other elements because it is a
chemically inert gas. The principal isotope of radon, 222Rn, is generated
from the radicactive decay of 226Ra and is a decay daughter in the 238y
decay series. The half-life of radon is 3.8 days, allowing the radon

ix
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to migrate considerable distsnces before decaying. Furthermsra, the
gencration of 222pn continues at  its current rete for many thousands of
gars due to the relatively ‘tong half-lives “of 22°Ra, and its parent, .
307h, which are both present in the tailings.

The calculation of the thicknesses of cover materials required to
attenuate ragon flux to near-background levels is generally besed upon
diffusion thecry. The effectivencss of a particular cover meterial in
attenuating radon release depends upon that material's ability to rectrict
the diffusion long enough that the radon decays to a solid daughter and
becomes trapped before it completely penetrates the cover. The parameter
that characterizes this radon movement in the soil is called the diffusion
coefficient.

ES.2 DETERMINING RADON ATTEMUATION THROUGH COVER MATERIALS

The thickness of ccver material reauired for uranium-mill tailings
reclamation 1is wusually determined by a radon flux or concentration
criterion which must be satisfied. The general approach used in estimating
the required thickness of a cover can be dividad into two phases. First,
the characteristic parcmeters of the tailings and cover must be measured
or estimated. These include the radon diffusion coefficients, porosities
and moistures of the tailings and cover, and the radium content and
emanating power of the tailings. Second the thickness of cover needed to
achieve a prescribed radon fiux is determined by iteratively caiculating
radon fluxes for various cover thicknesses until the thickness giving the
prescribed flux is found. Alternatively, an approximate expressicn can be
used to calculate the cover thickness directly. The diffusion cozfficient
for radon in the total pore space of the soil is designated by the syabol
D, consistent with recent reports on radon movement. A second parameter,
the effective bulk diffusion coefficient of the soil, is often designated
De, and has sometimes been confused with D due to varying symbols and
nomenclature used in the literature. The two are related by D = Do/p,
where p is the total soil porosity.

Radon emissions from bare and covered uranium mill tailings are
estimated from equations based on diffusion theory., Basic equations are
presented for calculating surface radon fluxes from covered tailings, or
alternately, the cover thicknesses required to satisfy a given radon flux
criterion. Also described is a computer code, RAECOM, for calculating
cover thicknesses and surface fluxes,

ES.3 MEASUREMENT OF THE RADON DIFFUSION COEFFICIENT

The degree of radon flux reduction provided by a tailings cover
depends on the time recuired for the radon to diffuse through the cover,
and thus to partially decay in it. Therefore, the diffusion coefficient of
the scil is of central i=portance to determine the required cover thickness
to achieve a given radon flux reduction. It is therefore advantageous to

™2
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know as £CCU"1_3]y as pes «ﬂt 2 the D of tre cancdidaete cover material. Tha
diffusiaon coefficient is most azfur atel\ 2termir2d by diract measurement.,
‘The- rensurablp guantities dn determining D are ths radon flux and the radon
concentration. The D can be calculated from any combination of two
measuraments of flux and concentration haqh direztly involve the scurce
and the cover,
The three most comman pairs of m2asurements to determine D are:
a) the source flux and the flux through th2 cover; D) the source flux and
. the equilibrium concentration at the bottcm of the cover; and c¢) the time-
: dependent concentration at the bottom of the cover aend at the top of th
f cover within a sealed systom, Variaticns cn thase methods heve also beoen
i used, Radon divfusion coefficients can be measured either in the
i laboratory cor in the field. Field measurements offer the advantage of
. exposure tec actual wind, sun, rain and other significant environmental
: parameters -wnich may affect the soil rmoisture content and its ciffusion
coefficient. However higher variability complicates the interpretation of
field data. Laboratory neasuremeats of 0 provida better cantrol over the
soil and diffusion conditions. The expense of testing soils in the
Taboratory is also generally less than for field tests, as are the time
requirements for the tests.

A diffusion coefficient data base, containing nearly 200 elements, has
been assembled. A representative sample of the data is shown in
Figure ES-1. The dataz were mostly measured by the time-dependent
technique (method c), but also include many steady-state and some field
measurements. The diffusion coefficients are relatively constant at
absolute dryness, averaging C.061 #+ 0.035 cm 2/s for the dry soils tested.
As illustrated, increasing moisture causes lower diffusion ccefficients.

The variation in diffusion coefficients at intermediate moistures can
be largely attributed to varying pore size distributions; however, the
variation at high moistures (m = 0.9-1.0) cannot., Instead, this variation
. : results from the very steep variation in diffusion coefficients with
[ moisture as m .approaches unity. This causes lzrge apparent errors in
diffusion coefficients to result from relatively small errors in sample
moisture content, density, or specific gravity estimates from which the
saturation, m, 1is estimated. The 1large variation near saturation in
‘ : Figure ES-1 is therefore attributed to uncertainties in the degree of
a ‘ moisture saturation of the soil samples.

——yepr

) Other soil properties besides soil moisture may have an influence
B on D. One parameter, the percent passing a 200 mesh sieve, is a convenient
- : way to classify soils. It 1is important that the highest practical
' compaction be achieved for earthen covers cver the tailings so that maximum
) radon attenuation is obtained; thus, pertinent engineering specificaticns
v - should usually call for compactions of at least S0 percent of standard
Proctor compaction.
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RADON DIFFUSION COEFFICIENT, D(cm2s™1)
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FIGURE ES-1. CCMPARISGN OF MEASURED RADON LIFFUSION CCEFFICIENTS WITH

A SIMPLE CORRELATICON FUMCTICN ASSUMING DIFFERSHNT POROSITIES.
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ES.4 ESTIMATIKG DIFFUSION COEFFICIENTS

It is often desirable to estimzte the diffusion coefficient cof
materials under verying conditicne for which measured wvalues are not

- available. This can be donz with either complex modeis based upon physical

characteristics of the soil, or upon empirical correlations based upon
measured values of D. Soil moisture and compaction are important factors
in the value of D for a given soil.

Recently, a theoretical model has been developed for estimating radon
diffusion coefficients without relying on fitted paramaters to racon
diffusicn data. The formalism considers the detailed composition of the
pore fluid as well as a statistical definition of the pore structure of the
material. The pore fluid is modeled as a two-phase mixture of air and
water, with radon diffusion occurring in both phases, and with radon
exchange occurring betwszen the air and water, Trhe pore structure is
modeled from the measured pore size distribution of the soil, and is
described by the weighted averege of all combinations of single eand
composite pores. The soil perameters required to estimate a radon
diffusion coefficient are thus the moisture, the packing density and the
pore size distribution,

Agreement between the model calculations and measured D values is
generally within the experimental uncertainties in the data. The pore size
distribution needed for the calculations can be obtained either from water
drainage curves or from particle size distributions.

Empirical correlations for estimating D have the advantage of being
simple and easy to use, with a minimal amount of informaticn needed, The
recommended correlation using the fraction of saturation, m, is: -

D = 0.07 exp[-4(m - mpl + ms)],

and is plotted in Figure ES-1.

The correlation shown in Figure ES-1 has & geometric standard
deviation of 2.0. However, individual estimates for a particular soil at a
given moisture may be uncertain by as much as an order of magnitude,
especially for higher values of m,

The moisture content of earthen materials has been shown to markedly

affect their properties for raden gas diffusion, salt and radionuclide
transpert, physical stability, and support of vegetation. Because of these
effacts, the moisture contents in covers for uranium mill tailings are of
particular interzst for proper containment and stabilization of the
tailings and their decay products. Since tailings containment systems must
function for very lcng time periods, the long-term equilibrium moisture
characteristics are of particuiar interest.

Xxiii
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- hydrological and qeophysicai data are nezded as input to ther

r'n'%?
L
Gy

There presentiy - exist several- corplex models for calculating
equilibriun ccil moistures. However, considzrable detailed meteorological,
these models and 2

detailed ciscussion of the models is bheyond the scepe of this handbook.

There are savere) empiricel and semi-empirical appreosches that give a

i
satisfactorv estimate of the long-term moisture. One simple enginzering
correlation is:

me = [0.1249‘5 - 0.0012E - 0.04 + 0.156 fcm]

J ]
where
m. = residual soil moisture in soil overlying a deep 2quifer
(fracticn of saturaticn)
P = annual precipitation (in)
E = annual lake evapuration (in)
fem = soil fraction passing a Ro. 200 mesh sieve

ES.5 OTHER FACTCRS INFLUENCING RADCM MIGRATION

Three other factors influencing radon migration warrant consideration.
They are the source term (of the tailings), the effects of defects in the
cover, and the effects of advective radon transport,

Characterization of the source term is an important step in performing
the design analysis of an adequate cover system. The key parameters
defining the source term are the radium concentration, the dry bulk
density, the emanation coefficient, and the diffusion coefficient. The
utilization of source term information can have beneficial impacts on
remedial action design concepts. For examwle, the sand component of
tailings can be effective as a bottom layer of a tailings cover.

An effective cover may be placed initially over the tailings.
However, there are many mechanisms that can disrupt a cover, and, because
radon generally tekes the path of least resistance, these mechanisms can
render a significant part of the cover less effective in attenuating radon.
Several techniques are available for promoting or maintaining cover
integrity. If cracks develop, the percentagz loss of cover effectiveness
in the crack depth zone is approximately equal to twelve times the percent
of the surface area disrupted by cracxs.

Over the last several years there has been growing evidence presented
tc suggest enhanced, advective transport of radon in the envircnment.
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However, most ~advective trarsport is cyclic in direction and velocity,.
minimizing iong-term effects on net radon releases. Advection is gencralily
not an important effect for semi-arid regions., However, it may be more
prominant in humid areas because the diffusion ccaefficients are generally
smaller.,

ES.6 SUMMARY AND APPLICATION

The raden releases from bare and covered tailings can be estimated
using diffusion theory, if app.copriate diffusion coefficients are used.
The procedures for calculating the thickness of an adequate cover systeu
are straight-forward and the calculations can be performed by hand or by
computer programs such as the RAECOM code., A procedural checklist for the
hand calculations is given in Table ES-1.

As shown in the table, Step 1 is the calculation of all source
parameters. Step 2 is the calculation of the cover parameters. These
parameters are input to RAECOM for a determination of the required cover
thickness and surface flux. If a hand calculation is performed, Step 3 is
the calculation of cover attenuation parameters and bare tailings flux.
In Step 4, the required cover thickness is calculated. If the system
consists of a multilayer cover, the surface flux from the first layer is
calculated in Step 4 and the diffusion ceefiicient fer the effective scurce

term is calculated in Step 5. Repeat steps 4 and 5 until the top layer is
calculated, .
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Step:

Determinge Source Term
Parameters, R, E, Py, Pr.at

Retermine Cover Materfal
Parameters, De, Pe, P

Calculate Cover Attenuation
paramcters and Calculate or
fstimate Care Tailings Flux

Calculate Surface Flux or
Cover Thickness

For Multiple Layer Cover,
Calculzte Effective Source

Dsm

Repeat For Multiple Layer
Covers

TABLE ES-1
PROCEDURAL CHECKLIST FOR CALCULATING ADEQUATE COVER THICKNESS

10'2 My L L -1
Pt 9t

0.07 exp[-d(m-mp2 + mSJ

Comments

Default values, R = 2,812 G
Pt = 1.5, pt = 0.35, gt = 2

Default values, p¢ = 0.35,
gc = 2.7

Calculate 1tem 4 for the first cover
layer, then calculate Item 5 for the
second cover layer, then calculate
1tem 4 for the second cover layer, and
so on until Item 4 is calculated for

the top layer

mt

0t

at

Xc

= pt? p, [1-0.74 mt]

10-2 M, 1 .1_]‘1
Pe  9c

0.07 exp[-d(m-mpc2 + ms)]

2

RoRE(A0y)"
/o)

pc? oc{}-o.74 mc]z

23t exp{-bexe)

1

be

I+ (ar/ac)® tanh bexy] + [1-(ag/ac)® tarh byxy Jexp(-2bcxc)

ZJt/Jc )

1

(1 +Vag/ac) tanh bext) + (1 -Vay/ac) tanh tht)(Jc/Jt)z

]
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1. INTRCDULTION

Radeon emissions from uranium-mill tzilings hive Jong bsen racoagrizes
as & major potential healith hazard. During the miliina of uranium ore, th:
ore is crushed to facilitate processing and a negligihle fraction of
radiuvm, the parent of radon, is removed. Consegiently, the accessibility
of radon to the environment is generally increased.

[HIEeR

1

An important feature of any urenium-mill tailings manzgement program
is the propeor long-term stabilization of the tailings to adegquately reduce
radon emissions. The generally acceptzd means of zchieving stabilization
is to cover the tailinns with earthen materials. Hence, it is important to
accurately determine the radon-attenuating proparties of cover materials
and cover systems, Radon migration through earthen materials is a complex
process in which the pore space and th2 air and moisture in it greatly
influence the effectiveness of the cover material in attenuating radon.
This handhook provides the basis, the methodolegy, and the standardized
procedures for calculating the radon attenuation provided. by cover systems
placed over uraniuym mill tailings imnoundments. [t is an update of an
earlier handbook{l) and as such contains .significznt new information ~=n
estimating and measuring diffusion coefficients. It also incorporates the
results of recent research efforts, particularly in the areas of the
physical duscription of the dirfusion ccefficient, the effects of cracking
and other defects and the effects of advective radoun transport caused by
moisture evaporation or barometric pressure variaticns.

The handbcok contains specific procedures for designing tailings
covers for adequate radon attenuation. The procedures are presented so
that the desian analysis can be performed with either hand calculators or
with more complex computer models. Both methods give sufficient accuracy
in the required cover thickness for most practical esplications. The hand-
book also contains a greatly expanded data base for estimating diffusion
coefficients based upon snil type, compaction and moisture content.

1.1 ORGANIZATINN OF HANDBOOK

This handbook addresses the following main topics important in
evaluating the effectiveness of cover designs for radon attenuation.

1. Concise procedures for calculating cover thicknesses required
to satisfy the design criterion using both exact and
approximate expressions.

2. Experimental techniques used to measure the radon diffusion
coefficients for cover materials.

3. Procedures and a data base for estimating diffusion

coefficients for cover materials for use when specific
measurements on the material are nct available.

1-1
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~In addition, the handbeok contains supporting informetion in the
following areds: S S

1. An identification of other key references relating to radon
transpert throuch materizls. This also inciudes recent
field verification of both the calculational procedures
and the labcratory measurements,

2. A discussion of the characteristics of the radon source
term and its irfluence on cover design.

3. The mathematical development of the procedures and a
listing of the RAECGH computer program and iaput data format,

A background review of early and recent relevant literature is pre-
sented in the following section of this chapter. Specific quantitative
results from the recent literature are presented as appropriate to the
technical development in later chapters. Chapter 2 contains the procedures
for calculating *the required cover thicknesses, along with several
illustraticns and examples. The methods for measuring diffusion
coefficients are presented in Chapter 3, along with a comprehensive data
base for a variety of soil types. The methods for estimating the cover
diffusion coefficients are given in Chapter 4. Chapter 5 contains ™ a
discussion of the effects of advection, cover defects and source term
variations. The summary in Chapter 6 contains a checklist of the cover
design procedures. The mathematical development and computer code infor-
mation are given in Appendices of the handbocok.

1.2 BACKGRCUND AND PREVICUS WCRX

Radon does not combine readily with other elements because it is a
chemically irert gas. The princinal isotcpe of radon, 2¢2Rn, is generated
from the radioactive decay of 2bRa and is a decay daughter in the 238y
decay series as shown in Figure 1. The half-life of radon, Ty, is 3.8 days
which allows the radon to migrate considerable distances be?%re decaying.
furthermore, the generation of 222pn continues at its current rate for many
thousands of years due tc the relatively long half-lives of <26Ra, and its
parent, 430Th, which are both present in the tailings.

The calculation of the thicknssses of cover materials required to
attenuate racon flux to near-background levels is generally based upon
diffusion theory. The effectiveness of a particular cover material in
attenvating radon release depends upon that material's ability to restrict
the diffusicn long enough that the radon decays to a solid daughter and
becomes trapped before it completely penetrates the cover. The parameter
that characterizes this radon movement in the soil is called the diffusion
coefficient.

1-2
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Researchers have long been interested in the diffusien and transport
“of radon thjgugn porous materials,— Early-studies of radon .in the ratural
enviranmenti<=i) waore supnlensnied by resesarch dealiny specificatly with

the diffusicn and  transoort of  radon  produced  in wranium mill
taiiings(13'13) and cre minerals. (17,18} In particular, References 8 and
19 contain excellent early reviews of the general topic, and Reference 20
contains a comprehensive bibiicgraphy of pre-i980 work on the effects of
moisture on radon emenation and diffusion.

Among the first major studies concerned with the diffusion of radon
from uranium mill tailings are those reported in References 13-16. These
studies were based on experiments with the diffusion of radon through
tailings, soil and concrete. Measurements made during these experiments
were compared with diffusion theory modeling and from the comparison,
diffusion coefficients were deduced. In other laboratory
experiments, 21-23) the diffusion of radon through various tailings and
cover materials was measured.. Diffusion ccefficients are generally deduced
from measurements of both radon fluxes and from radon gas concentration
profiles.{24-35

Field tests using uranium tailings materials also have yi?ldOG infor-
mation associated with the diffusicn coefficient. In one test 24 surface
radon fluxes were measured for various thicknasses of a cover material
placed over a small plot of teailings. The diffusion coefficient obtained
from a least-squares fit of the flux dat %as consistent with the
laboratory measurement of similar material. In the other field
measurement (25) the diffusion coefficient was deduced from in-situ borehole
logging of the <¢26Ra and 222Rn concentrations in acidic and alkaline
tailings. The radon transport through synthetic materials can also be
described with diffusion thecry using a diffusion coefficient for the
material to characterize the diffusion. The primary concein with synthetic
materials is their cbility to maintain their integrity for the long period
of time that is required. However, several materials have heen identified
as effective for the short-term reduction of radon. Diffusion coefficients
for several synthetic materials are presented in References 26, 27 and 28.
Materials such as asphalt, EPDM rubber, polyethylene sheets, polycarbonate
sheets, and M(lay are characterized by diffusion coefficients of less than
10-6 cm?/sec. (25

Recent field measurements of . radon diffusion coefficients for
candidate cover materials for mill tailings give results, _that are
consistent with laboratory measurements for the same materials.(36,37) Ip
particular the measurements and analysis in Reference 36 demonstrate
excellent agreement of model calculations with the annual average field-
measurad values using laboratory-measured parameters as input to the model
calculations Additicnal field data have also recently become
available j for comparison with lahoratory measurenents and calculational
models.

Other recent efforts have focused upon methods for calculating or
estimating r?gon diffgsion coefficients with techniques ranging from simple

correlations{22,23,39) to complex models.{40,4) Consicerable success has
been achieved with both the correlations and thz models.

1-4
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advective affects have recantly been investigated .(3Z)  The long-term
effect of advection or the surface radon flux is generdily much smaller
than aro uncertainties in predicting the{i]g;—, This  same conclusicn
applies to cover defects such as cracking. #3=599,  Tpercfore, in general,
simnle ¢iffusicn theory adquately descrihes the lena-tersm racon transport
through uranivm mill tailings and earthen cower systems.
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2. DETERMINING RADCH ATTENUATION THROUGH COVER MATERIALS

The thickness of cover material requirad for uranium-mill tailings
reclemation is wusually Cdaterminsd by a radon flux or concentration
criterion wiich must be satisfied. The general approach used in estimating
the required thickness of a cover can be divided into two phasss. First,
the charac:ceristic paremeters of the tailings and cover must be measured
or estimated. These inciude the radon diffusion coefficients, porosities
and moistures of the tailings and cover, and the radium content and
emanating power of the tailings. Second the thiciness of cover needed to
achieve a prescribed radon flux is determined by iteratively calculating
radon fluxes for various cover thicknesses until the thickness giving the
prescribed flux is found. Alternatively, an approximate expression can be
used to calculate the cover thickness directly.

In the follecwing equations and throughout this handbook, the diffusion
coefficient for radon in the total pore space of the soil is designated by
the symhol D, consistent with recent reports on radon movement. A secend
parameter, the effzctive bulk diffusion coefficient of the soil, is often
designated D, and has sometimes been confused with D due to varying
symtols and nomenclature usea in the literature. The two ere related by
D = Da/p, wiere p is the total soil porosity. Ident2g31 nomenclature hut
different symbolc were used in the earlier handbookll) and in the KRC's
Generic Environmental Impact Statemsnt on Uranium Milling (Appendix R).
The symbol D in those reports ccrresponds to De in this hancbceok.

2.1 RADON DIFFUSTON EQUATION

The one-dimensicnal steady-state radon diffusion eguation is:

D d% -xC + RpAE/p =0, (1)
dx2 o
where
C = radon concentration in the total pore space (pCi cm-3)
D = diffusion coefficient for radon in the total pore space

(emcs-1)
A = decay constant of radon (2.1x10-6 s-1)
R = specific activity of radium in the soil (pCi g-1)

p = dry bulk density of the soil (g cm-3)

E = radon emznation coefficient (dimznsionless)
p' = total porosity of the soil (dimensioniess)
2-1
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The radon flux from the bulk soil material is related to the rafon
. concentration in its pore space by Fick's L Wi
3= 108 pp & (2)
dx
whare

- - s =2 -1

J = buik radon flux (pCi m~% s71j
104 = ~factor to convert u11Ls from pCi cm™ 25-1 to pCi m-2s-1

Appendix A contains the mathew1t1ca1 basis for Equation 1 as wp11 as
for the solutions used in this handbook. The solutions of interest are for
bare tailings, tailings covered with homoganeous mater1u1 and a
generalized multiregion prob]em with many tailings and cover layors.

2.2 FLUX FROM BARE TATLIKGS

The solution of Equations 1 and 2 for the flux from a bare,’
homogeneous tailings pile is:

Jp = 10% RpEVAD; tanh fDi Xt (3) -
t
where
Jt = radon flux from the tailings surface (pCi m=2s-1)
"~ x¢ = thickness of tailings (cm)

The subscript "t" refers to the -tailings region. A graph of Jt/R E is
given in Figure 2 as a function of x¢, illustrating the limitation on the
radon flux imposed by radon decay, particularly for low diffusion
ccefficients. As illustrated, most of the radon comes from the surface
layers of tailings; hence there is an advantage in consolidating tailings
into smaller, thicker piles.

2.3 FLUX FROM COYERED TAILIKGS

The exact solution from diffusion-theory to the two-region, tailings-
cover problem is:

23t e-bexc

Je - (4)
[1 + Vag/ac tanh(btxt)] [1 -Vat/ac tanh( btxt)Je 2bexc
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vhere
bi =v\/D; (i=cor ) {eml) :
T T R
i 'L i
m = 10-2 pM/p = fractional moisture saturation (dimensioniess)
M = moisture content (dry weight percent)

~
n

0.26 pCi/cm3 in water per pCi/cmd in air

The subscript "c" pertains to the cover region, and Jy is given in
Equation 3. A more detailed description of the parameter a; and its
moisture dependence is given in Appendix A.

It is of dinterest. to examine the behavior of J under variocus con-

ditions. For a¢ equal to ac, and for sufficiently thick tailings such thac
tanh(bgxt) is approximately unity, then Eguation 4 becomes:

“Je = Jt exp(-bexc) ' - (5)

which is the simple exponential attenuation shown by Curve A in Fig&re 3.
However, if ap«ac, Equaticn 4 becomes

. 2J¢ exp{-bexe)
de = 6
¢ T + exp (:Zbcxcj ’ ( )

For small xc, the value of J. is approximately equal to Jt as shown by

.Curve B in Figure 3, before the cover flux begins to decrease. This effect

has been fbscrved in laboratory measurements of radon fluxes from covered
tailings.(22) For large x., Equation 6 becomes:

Je(xc arge) = 23; exp(-bexc) (7)

so that J. decreases expcnentially in the same manner as in Equation 5 but
retains twice the magnitude which is shown by Curve B in Figure 3. This is
also observable(<2) in laboratory measurements.

2.4 COVER THICKMESS FROM FLUY CRITERIQON

The value of x; required to achieve a specified flux can be obtained
by rearrenging Equation 4, assuming the tailings are more than 100 cm
thick, and approximating exp(-2b.x¢) by (Jc/Jt)z. The result is:

2-4
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FIGURE 3. COVER SURFACE RADON FLUX FOR VARIOUS THICKNESSESS AND PARAMETERS.
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. [pc n | _ 23¢/3c 1
VX (1 +\/é*’\c tanh bexg) + (1 -Vag/ac tanh btxt)(Jc/Jt)gj

-(8)

Mast  practical applicaticns  reguire a significant degree of
attenuation so that the last term in the cznominator of tquation & can be
neglected. The resulting simplified equation can_be expressed in graphic
form and is presented as a nomocra;n in Figure 4.\~

The required cover thickness, xc, is found by first determining the
ratios J-/Jy and ac/ay end then referring to the nomograph in Figure 4.
The value of the ratio Jc/Jy is found on Column A and the value of ac/at on
Column B. These two values should be connected with a straight line, and a
value read from Column C at the 1intersection with the line. ThaL same
value i< located on the modified scale C' and a second line is drawn from
that +value on C' to the value of D¢ on Column D. The intersection of the
resulting line with Column E g-vcs the cover thickness, in units of either
meters or feet,

2.5 EXANPLES OF SURFACE FLLX AND COVER THICKHMESS DETERMIMATICNS

Several examples are glven in th1s section to illustrate the use of
the equations and graphs. The first general examples are calculaticns of
the surface flux from covered tailings. Figure 5 contains the results of
cover calculations for- a bare tailings flux of Jy = 280 pCi/mls, Various
diffusion coefficients for ihe cover soils are used in Equation 4 to cbtain
the curves in the figure. (4 As showm in the next chapter, the cover
moisture is the dominant parameter affecting the D, and hence, the radon
attenuation,

As an example of the calculations used to gererate the curves in

. Figure 5, it is assumed that a tailings pile has the following typical

values:

R = 400 pCi/g
p = 1.5 g/cm3

E = 0.2
Dt = 1.3x10-2 cm?/s

pt = 0.44
Mg = 11.7%
x¢ = 300 cm

The radon flux from the surfece of the uncovered tailings is
calculated from Equation 3:

dovozs
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a3 o= (104 sz/mz)(éoﬂ)(l.5)(0.2)[(2.1x10'6)(0.013ﬂ!5 taah(3.8)
198 pCi/mls -

Cover material 1is available which can be compicted to have the
foiluwing properties: '

Dc = 7.8x10-3 em?/s
pc = 0.3
Mc = 6.3%

Furthermore, it is assumed that mc = my.

. The flux attenuation with two meters of cover material is calculated
from Equation 4:

3. = 2(198)(3.76x10-2)
c =
2.893 - 0.001

5.1 pCi m-2s-1

e

If a greater flux is acceptable, the same calculaticn can be repeated
with smaller cover thicknesses, or the required thickness can be directly
calculated from Egquation 8. For example, what cover thickness would yield
a Jc of 20 pCi m~2s-1? This is determin=d from Equation 8 as: ‘

19.8
1 'I —_—
¢ "[ 2.893 - .009]

118 cm

Xc

Xc

As an example of the use of the ncmograph in Figure 4, a different
system with the following parameters is considered: '

Jt = 400 pCi/mls
Je = 20 pCi/ms

Pc = pt = 0.30
e = m¢ = C.30
Dc = De = 0.008 cm?/s

NWMM_,”g;mJ;ﬂ”mmWWW:T;W;mM_M;fﬂﬂﬁggﬁhm
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These values give a Jo/Jdp of G.05, lecetzd on Columy A ;10 acfay of 1,
located on Column B. An intermediate paramater vaiu2 of 1.1 is read from
Column C. The <ame value is lolated on the modified scale On Column {*.
This value s then used with the diffusian ccefficie t of the cover,
loceted on Column D to ¢htain t cover thickness from Column E.  For
example the cover thickness ne eS to eatiznuate th radon flux +to
20 pCi/ms is about 1.8 m (5.9 }. Use of Equation B8 yields a cover
thickress of 1.9 m

3
n

0
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An even simpler way to use the nomogreph is to substitute the value of
Dc/Dy for ac/ap; i.e., the guantity p (1 - 0.74 m) is assumed to be the
same for the tailings and the cover., To account for the variations in the
ratio of p (1 - 0.74 m) for the cover to the tailings, the rule of thumb
may be used that the cFve* thickness decreases by 0.1 m for every 2.2
decrease in this ratio The diffusicn coefficient for the tQ111ngs
also has only a secondary effect cn x¢, sc that, as an additional rule of
thumb, xc changes by 0.1 m for every factor of two change in Dy. The
d1rect10n of the change is determined from the following: If D¢ 1is
increased by a factor of 2, but J¢ is known from direct measurement so that
it is unaffected by the charne then xc decreases by 0.1 m. On the other
hand, if J¢y is calculated fron other parzmeters, one of these parameters
being D¢, then Jp also varies with D¢, so that the resulting efiect is that
xe dincreases by 0.1 m for every factor of two increase in Dy. These rules
of thumb are summarized in Table 1. With these rules of thumb, the cover
thickness can be obtained from the nomograph using a value of unity for the
ratio Lc/a t, and then modifying x¢ accordlng]y. For example, if D¢ equa]s
0.002 cn?/s instead of 0.008 as given above, and the value for J¢ is a
measured value that does not change, then the xc of 1.8 m is increassd by
0.2 m to a value of 2.0 m, becaus‘= the Dy is reduced by a factor of four,
Furthermore, if p. were equa] to 0.25 instead of 0.3, then the pcrosity
ratio decreases by about 0.2, so that x. is decreased from 2.0 m to 1.9 m.
If in the original example Jt were based upon a calcuiated value instead of
a measured value so that a change in Dt affects value of J¢, then a
reduction in D¢ by a factor of four would yield a reduction in the cover
thickness of 0.2 m, from 1.8 m to 1.6 m.

TABLE 1
RULES OF THUMB FOR ESTIMATING CCVER THICKNESSES

Change In ‘ Resulting Changes
Parameter Change Parameter Value In Cover Thickress
Pc(1-0.74 mc) 0.2 decrezse - - 0.1 m decrease
P¢({1-0.74 mt)
D¢ factor of 2 increase 0.1 m decrease
(J+ unchanged)
D¢ Jt factor of 2 increase 0.1 m increase
2-10




2.6 MULTIREGION SYSTEMS

. . . .- - : .- X : £173Y-
The mq%hematrca] solutions for multi-layer covers involving threetld)

and fo--lY3) reaion systems have been presented previously. A gereral
multircyicn system must be soived by computer using matrix formulations of
the difrtusicn equations; however, approximate analytical solutions are also
availavie.

2.6.1 The RAECCH Computer Code

RAECOM (acronym for Radon Attenuation Effectiveness and Cover
Optimization with iloisture effects) is a FCRTRAN computer program which
determines the radon fluxes and concentrations in a multilayer uranium
tailings and cover csystem and then optimizes the thickness of a s?ecified
cover layer to satisfy given constraincs on the maximum radon flux. 48)

A legic flow diagram feor the ccde is shown in Figure 6. First, the
D's are calculated from a correletion if they are not input directly. Then
the migration of raden is determined for the specified cover charac-
teristics and the racdon concentrations (C), and the radon fluxes (J) are
calculated. The cover optimization is performed yielding adjusted values
(x) for the layer thicknesses. The radon migration calculations are then
repeated for each J and C with the adjusted cover layer thicknesses, and
the resulting surface flux, Jc, is tested against the spscified criterion,
Jerit. . If this criterion is sctisfied, the code proceeds to final output.
If the flux criterion is not satisfied, appropriate layer thicknesses are
adjusted within the specified ccnstraints, radon migration calculations are
repeated, and the surface radon flux is again tested against the flux
criterion. This process is repecated until all criteria are satisfied. The
" code then prints out all radon attenuation data. The input data format and
code listing are given in Appendix B.

2.6.2 Approximate Expressions

When it is necessary to estimate the radon flux from a multilayer
system or to determine a cover layer thickness without resorting to a
computer calculaticn, approximate analytical expressions may be used. The
expressions presentec in this section can be used for that purpose.

The procedure for multilayer systems utilizes a sequential application
of Equations 4 or 8 to each cover layer. The procedure treats the cover
layer in question as a single cover system with a modified source layer
accounting for the tailings and all cover lavers beneath the layer in
question. In order to apply Eaquation 8 to the layer in question, an
estimate must be made of the radon flux from the previous layer, Ji, and
the diffusion coefficient of the source, Dy. Following are the steps in
this procedure utilizing the cover system configuraticn shown in Figure 7:
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1. Calculate the radon flux from the first cover layer, Jeci, using
© Equation &4 and the tailings andg first cover parameters.

2. Calculate an equi?a]ent source diffusion coefficient, Oyj,
from Equation 9: '

Dt] = Dte-brlxcl + Dep(l - edclXcl) (9)

3. D¢] is used in analyzing the second cover layer. If the
cover consists of only two layers, use Jec1 as J¢ and Dyj
as Dt in Equation 8 to calculate the required thickness
of layer 2, xcp. The new source term thickness is x¢1 +
xt. The Dy] is used to compute at and by Tor Equation 8.

4. If xcp is specified and the thickness of a third cover
layer is to be adjusted to satisfy the flux criterion,
then use Equation 4 to calculate a new Jcp with Je1 as
Jt,» Dt1 as D¢, and xc] plus x¢ as the source thickness.
The Dy} is used to compute at and 5¢ in Equation 14.

5. Obtain a new source term diffusion coefficient for
analyzing layer 3 from Equation 10:

Dyp = Dy e PclXcl ‘bQZXCZ # D (1 - e~Pcl¥clygbe2Xc2
+0cp (1= eTc2¥e) . (10)

6. If the cover consists of three layers use Jdc2 as Jt,
Dt2 as Dt to compute 2t and by, and the sum of xci, Xc2,»
and x¢+ for the source term thickness in Equation 8 to
calculate the required thickness of cover layer 3.

7. For more than three cover layers repeat the above process
as often as necessary, using Equation 11 to obtain the
diffusion coefficient for the modified source term to
layer n + 1: '

' n
: =benx
Dtn = D¢ exp[- i;l bcixciJ+ Dcn(l - e rcnicny

n-1 n .
. _b £ %3
+ De:{l - e ciXi) expl- 3 beixes (11)
Egi e jemer 9

2.6.3 Examples of Multireqion Caiculations

The tailings pile deséribed in the first example is 10 be covered with
0.5 meter of & good quality clay and sufficient overburden to achieve a
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surface flux cf 20 pCi/m?s. What ihickn2ss of O\Grburd :n should be used?
The basic material parameters arc:

D _F_ M _m_
taitings 0.013 cm?/s 0.44 11.7 0.4
clay 0.0078 cm2/s 0.39 6.3 0.4
Qverburden 0.022 cml/s - 0.37 5.4 0.25

First, the bare tailings flux is the séme as before:
Jy = 198 pCi/m2s

Then, calculate the attenuation through  the clay comporient using
Equation 4. '

- 2(198)(0.440)
Jel 2.893 - (0.173)

64.1 pCi n-2s-1

Jel

Now, determine the diffusion coefficient for the source term to the
overburden (the source is now the tailings and clay) using Equation 9.

Dtl = Dy exp(-byxy) + Dl[l - exp(-b]_xl)}
D¢1 = (0.013)(0.440) + (0.0078)(1 - 0.44)
01 = 6.0101 cm?/s

: The value of D¢} is then substituted for Dt and Jdecl = 64.1 is.
substituted for Jt in Equation 8, giving

.
xp = 102 1n| —8:41 J
1 1.475 + 0.051

x2 = 146 ¢m = overburden thickness

The total cover thickness is therefore 146 c¢cm + 50 c¢n = 196 cm. In
this calculation the effective source thickness is assumed to be large
enough so that tanh agxt¢ -is unity.
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The paramsters specified in the above exemple were also used to
construct tn2 input to the RAECOM program as specified in Appencix B. The
RAZCONM calculations, shown in Table 2, vield an cverburden thicknress of
149 ca. Thus, the approximate procecurs gives 2 result that is 3 om less
than the exact calasulztion, wall within accentable uncertainty limits.

2.7 COVER SCYRCE CONSIDERATIONS

The example calculations of the previous secticns did not consider any
surface radon flux contribution from radium in the covers. The cover
source term was set equal tc zero. For scil cover materials containing
background values of radon, the effect of the radon from the covers is very
small and is approximately additive, so that the component of the radon
flux from radium in the cover material does not appreciably alter the
component of the radon flux from radium in the tailings. Furthermore,
the linearity assumption for tailings plus cover fluxes 1is conservative;
that is, the surface flux due only to the tailings is slightly less with a
cover source term than without the cover source term.
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TAZLE 2
RAECOM CALCULA TON OF I‘IULTLPE\, nOEXEMPLE
RAZCOH CALCULATION OF KULTIREGION EXanflZ
AARkARSAAR I NP UT PAKAMNETEES shhakbkirh
NUXBER CF LAYERS @ 3
kaDOR FLUX uhO LAYER 1 : 0.000 pCi/r2/sec
SUREACE RADDN CC«CEN’M;ICM 0.000 pCi/liter
LAYER 3 ADJUSTED 10 MEET lerit : 20,0 +/- 0,1G0E-0G2 pli/m2/sec
“BARE SOURCE ELUX (Jo) FKOM LAYER 15 198.4 - pCi/ml/sec
LAYER  THICKNESS BIEE COCEF POROSITY _STUECE UCISTURE
(ca) {cad/sac) (pCi/cad/sec) (dry wi. rarcent)
1 500, 1.30002-02 0.4400 5.7330z-04 11.70
2 5. 7.8000E-03 0.3000 0.6305E-01 6.30
3 106. 2.2000E-02 ¢.3700 0.0:0{e-01 5.40
Riiik RESULIS CEF RADON DIEEUGSION CALCULATION kisas
LAYER  THICKNESS EXIT FLUX EXIT COHC. HIC
(ca) (pCi/m2/<ec) (pC1/liter) -
1 500. 7.6937E+01 1.67C1E405 0.7625
2 30. 52255401 4,419382+04 0.7063
3 149. 2.0C11E+0] 0.0000E-01 0.3163
Notation: .5000+003 = 0.5x103
pCi/sqn*sec = pCi m-2s-1
i , : 2-17
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] An adventige of the flux-flux mathad is that it provides 2 direct
S ) measurement of the cover affectiveness which is ccnsistent with ite field
‘ application. Various laysrs can alsc Lz combined to simulete desired cover
designs. A disadvantaga is that large ceiuymns and volumes of tailings and
<0il are reguireo moking the preparaticn cumbersome. The one-month delay
times necessary to allow for radon .equiiibraticn in the source and cover

are also a disadvantage.

3.1.2 Bare Flux and Covered Source Concentration

The D of a cover material in a short column can be determined from
measurements of the bare flux: from the radon source and the radon
concentration -ft the base o¢f the cover after the cover system has
equilibrated.{3 -33] " Additional quantities which must be known or
ostimated are the N of the source and the dry porosity cf the cover soil.

An advantage of measuring the bare flux and the covered source
concentration is the improved sensitivity fer m?;snrements when the radon
does not decay significantly within the cover. 3'Y The smaller semples
required also allow creater control of moistures and densities. A
disadvantage is the poor sensitivity for low diffusicn ccefficients.

3.1.3 Transient Radon Concentratign Ahove A Cover

If a test cover 9s sealed on one side and its other side is suddenly
exposed to a high ccnstapt radon concentraticn, the concentration of radon
at the sealed surface will increase with tima until it reaches some steady-
state concentration. Measurenents of the increase with time, or transient
radon concentration at the sealed surface provide a sensitive measure of
the diffusion coefficient of the material. Although a comparison of the
] steady-state concentraticon with the source concentraticn may also sometimes
. allow calculation of a diffusion coefficient, the calculatiops from the
transient radon concentration curve are usually most sensitive.\< )

For the transient diffusion measuremsints the radon source provides a
high constant concentration of radon which is suddenly introduced to the
entrance of the diffusion tube containing the scil. By monitoring the
) varfstion 1in alpha activity with time at the other end of the tube, a
- : unique activity curve is measured which is characteristic of the diffusicn
i ' coefficient of the test material. Figure B8 1illustrates measured and
expected curves for various vaiuves of D.

- P Major advantages of this method are the short time requirement, the

: freedom from atmospheric pressure variaticas, the small amount of sample
. required, and the possibility for moisture control in the sealed system.
) ’ The preparaticn can be completed within a few hours, and the data collec-
tion can often be completed within a few days or less. This methed can
also combine the sensitivity of transient measurerments for high D with the
sensitivity of steady-state measurements for low D. A comparison of D's-
measured with this apparatus has shown the results to be not only
internally consistent  but also consistent vith steady-state
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prO:eduveS.(Eg) & diczdvantase is the inability to combine varicus soil
lavars to simulate ch,ubita covers., The small semple sizes i

the cemplexity  of timp-dopondant, multilayer - celculations cause this
experimantal N n1tub1on.

3.1.4 Qther Lahgratory Mothods of Mzasuring D

Although the three procedures described ahove are the most commonly
used methceds of measuring D, other wmethods have also been used. A sealed
column can te used tc measure steadv-state raden concentrations auo«o and
below a cover. This procedure 1is similar to the equilibrium conditicn of
the transient procedure describzd above, end offers the same advantage of
retaining the moisture uniformly within the soil. This method also does
not require the complex equipment of the transient method, but only Lucas
cells for measuring radon concentrations.

A methcd for trans1nnt data col]ec 1cw has also been utilized to
measure the D through solid uranium ore. (51 A cylindrical cre disk is
sealed on its flat faces as well as the edge and the radon concentration is
is allowed to dincrease to equilibrium. At time zero the seal is removed
from the faces and air is passed over the faces and analyzed for radon cen-
tent.  The value of D is then calculated from the exhalation rates at
different times. This procedure is generally useful only for radium-
bearing source material, "

3.2 FIELD MEASUREMENTS

Measurements made {n the field are more representative of actual
diffusion coefficients and cover performance, However, it 1is more
difficult to analyze field data due to the greater variability caused by
environmental conditiors. It is also more costly and often more time
consuming because more field measurements are usually required for adequate
precision. Many of the techniaues described above for laboratory measure-
ments can also be utilized under field conditions.

Kraner, et. a].,(7) measured radon soil-gas concentrations at various
depths and derived the D of the soil as well as the surface flux frem these
data. Although this procedure can result in a reasonable estimate of the
diffusion ccefficient it is relatively insensitive under most conditions.
It can be shown that a large variation in diffusion coefficient can result
from only minor variations in the soil-gas concentrations,

Hartley, et. al.,(53) measured the flux frcm a bare tailings pile and
the flux throuch various tailings covers. By estimating the other
necessary information .the average D of the covers were ca]cula?gd using the
same procedura cutlined in Section 3.1.1. Nielson, et. al., 36, combined
the various methods in large columns buried in three tailings piles. The
bare fluxes, <covered fluxes, and rauon soil gas concentrations were
measured. Utilizing the method of Segt ?n 3.1.2 and Reference 7, the D for
each field exper1went was calculated
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3.3 INALYSIS OF UNCERTAINTIES

An important factor in selecting a methed to measure the diffusion .
coafficient of a soil s its ability to provide a precise and accurate
resuit.  Trhus, it is helpful o examin2 the uncertainties associated with
the various methods to delerminz the range of diffusion coefficients to
which each is hast suited. The magnitude of the relative uncertainty in D,
shown in Figure 9, 1is datermined for eac.. method using representative
values for the meastrement systems described in Section 3.1. As shown in
the figure, the uncertainties are a function of the term (bx).
Furthermore, the transient diffusicn instrumentation provides for the
Towest overall relative uncertainties in D. When bx exceeds 1.8, the
steady-state concentrations corresponding to the plateaus in Figure 8 can
be used to obtain the relative uncertainties shown for the concentraticn -
concentration method in Figure 9. When bx is less than 1.8, the transient
method cleariy exhibits the lowest uncertainty of the four methods.

3.4 VALUES OF MEASURED BIFFUSION COEFFICIEKT

piffusion coefficient: “cr radon have been measured in a w;de variety
of earthen materials und  t~veral research projects(26,34-36) over the
past two years. The mear . errnts have generally been aimed at determining
the suitability of the m-terizls as tailings covers. A data base of radon
diffusion coefficieats «1c recently assembled from the results of the
various measurements ant v3s used to evaiuate the overall ranges and
typical values of diffus. i coefficients of earthen materials.(39v5ﬂ) The
data base includes the dry ~uasities and moisture contents of the soils and
thus allows examination of ra-iations with moisture and compaction. MNuch
of the recent data also inc’ude sieve analyses, water drainage charac-
teristics, and cther soil pevameters used in later studies on the effects
of moisture, compaction and soil texture on diffusion coefficients,

The diffusion coefficient data base contains nearly 200 elements, a
representative sample of which is shown in Figure 10. The data were mostly
measured by the time-dependent technique, but aiso include many steady-
state and some field measurements, The diffusion coefficients are
relatively constant at absolute dryness, ‘averaging 0.061 +°0.006 cm2/s for
the dry soils tested. It is well knosn that increasing moisture causes
lower diffusion coefficients.

The variation in diffusion coefficients at intermediate moistures can
be largely attributed to varying pore size distributions; however, the
variation at high moistures (m = 0.9-1.0) cannot. Instead, this variation
results from the very steep variation in diffusion coefficients with
moisture as m approaches unity. This causes large apparent errors in
diffusion coefficients to result from relatively small errors in sample
rmoisture content, density, or specific gravity estimates from which the
saturation, m, 1is estimated. The 1large variation near saturation in
Figure 10 is therefore attributed to uncertainties in the degrez cf
moisture saturaticn of the scil samples.
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RELATIVE UNCERTAlNTIES IN RADON DIFFUSION COEFFICIENTS
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FIGURE 9. RELATIVE UNCERTAINTIES FOR FOUR METHODS OF DETERMINING

THE DIFFUSION COCZFFICIENT. EACH CURVE ASSUMES A 10%
UNCERTAINTY IN INDIVIDUAL RADON MEASUREMENTS.
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A bias §s noted in comparing the diffucicn coefficionts at saturation
in Ficure 10 with the expected value of 5x10-6 cmz/s, the diffusicn
coefficient for completely saturated soils, This §s due te difficulty in
comzletely saturzting a samnle, and aliso to truncation of the lower part of
the distribution of these coerfjcients. Tha truncaticn - occurs because
diffusion coefficients of >10-° cn/s require about seven days for
detection of the radon cas front and meacsurecments h°T° often terminated
before this time. Although upper limits such as <10- 5 ¢m2/s were estimated
from the terminaticn time, these values were not included in the data base.

Other soil properties besides soil moisture may have an influence

on U. One parameter, the percent pascing a 200 mesh sieve, is a convenient

way to classify soils. The diffusion coefficients and other properties of
several soils are given in Table 3. The soil description is hased upcen the
percentage of clays and silts in th2 material, which is determined from the
fraction passing a ho. 200 mesh screen, The soils in Table 3 are placed
into the follewing four groups, .according to the fractien passing a Ho. 200
sieve: less tnan 0.3, C.3 to 0.5, 0.5 to 0.8 and 0.8 to 1.0. Within each
group the soils are ordered according to increasing dry weight percent
moisture. For the first gqroup the moisture varies from 1.0 to 9.8 percent.
These lower values are typical for sandy soils. The second group has
moistures ranging from 0.8 to 18.2 percent. The data base for the third
group has a limited numbcr of data points and the moistures only range up
to 11.7 percent. The moisture range for the last group is 6 to 38 percent,
representative of clayey soils. This data base only contains diffusion
coefficients for s~nils compacted to greater than S0 percent of standard
Proctor density. 3¥)  Since it is important that the highest practical
compaction be achieved for earthen covers over the tailings so that maximum
radon attenuation is obtained, pertinent engineering specifications should
usually call for compactions of at least 40 percent of 'standard Froctor
coupaction,
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TABLE 3
MEASURED RADON DIFFUSICH COEFFICIENTS FOR EARThZN MATERIALS

D D
Percent M p Difrusion Percent M p Diffusion
Passing A Moisture Dens1tv Coefr1c1ent Passing A Moisture Den51ty Coefficient
#200 Mesh {dry wt.%) go/crr ! (crl/s) #200 Mesh (dryv wt.%) (a/cm3) (emé/s)
0-30% 1.0 1.81 0.030 30-50% 17.5 1.80 0.000040
1.2 1.87 062 {cont) 17.9 1.80 - .0C0079
1.5 1.83 .023 17.9 1.81 - 000079
2.3 1.83 .031 18.2 1.80 .000032
3. 1.72 028 .
3.4 1.79 .024 50-80% 1.6 1.61 0.023
4.4 1.83 .056 2.4 1.93 .039
5.4 1.78 .036 3.1 1.76 - .026
9.8 .1.82 .0056 5.1 1.68 .024
' 10.6 1.72 017
30-50% 0.8 1.86 0.020 11.7 1.55 .22
' 1.9 “1.72 . .039
2.4 1.82 .035 8C-100% 6.0 1.84 0.012
3.3 1.68 .0l6 6.0 1.30 .036
3.4 1.76 030 8.5 1.45 .054
3.5 1.70 .038 9.1 1.93 .0015
3.9 1.62 .017 10.0 1.7¢ .020
4.2 1.63 .061 11.0 1.68 .030
4.6 1.80 .037 11.3 1.35 137
5.1 1.68 .028 11.6 1.81 .0042
5.2 1.80 .036 13.7 1.89 .0013
5.3 1.73 .027 13.8 1.90 .0022
6.3 1.82 031 15.0 1.65 .0010
6.4 1.60 .045 16.0 1.37 .038
6.8 . 1.64 .025 21.0 1.36 .0142
7.6 1.62 .018 23.0 1.36 .0150
8.4 1.64 011 23.0 1.31 .0047
9.0 1.81 .0029 24.5 1.3%5 .0134
9.3 1.69 .014 25.5 1.38 0122
12.0 1.69 .0091 27.6 1.3u .0052
14.90 1.80 .0018 27.7 1.37 .0ce67
15.0 1.80 .00081 38.0 1.30 .00C10
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4., CSTIFATING DIFFUC O COEFFICIENTS

Radon diffusiocn cosfficients for earthzn materials have tracditionally
been determined frem laberatory m :ur~n~n‘” with the subjsct <cil &t a
prescribed moisture content and co:pncLlon., However, it is often desirable
to estimale the diffusicn coefficient of materials under varying conditions
for which measured values are nct availabis., This can be done with either
compiex models hased upson physical characteristics of the sgil, or upon
empirical correlations based upon measured values of D.  Both approaches
are discussed in this chapter, and the advantages and disadvantages of each
are given. Because soil moisture and compaction are important factors in
the value of D for ‘a given soil, they are also examined in detail in this
chapter.

In order to predict the diifusion coefficient of radon from physical
properties of an earthen material without conducting radon measurements,
empirical correlations have genzrally been wused. One of the earlier
correlations is the corrAI t1on with nm1sture\55) which was -used in the
GEIS on uranium m11118§ 46 ) Another is a correlztion with the air-filled

Although these correlaticns permit estimation of
diffusion coefficients from soil preoperties rather than diffusior measure-
ments, their basis is :still a series of measured values of diffusion
coefficients.

4.1 DIFFUSIGH COEFFICIENT MODEL

Recently, a theoratical model has bsen developed for estimating radon
diffusion coe‘f Suents without relying on fitted parameters to radon
diffusicn data The formalism considers the detailed compesition of
the pore fluid as well as a statistical definiticn of the pore structure of
the material. As illustrated in Figure 11, the pore fluid is modeled as a
two-phase mixture of air and water, with radon diffusicn occurring in both
phases, and with radon exchange occurring between the air and water. The
pore structure is modeled frocm the measured pore size distribution of the
soil, and is described by the weighted average of all combinations of
single and ~omposite pores. The soil parameters required to estimate a
radon diffusion coefficient are thus the moisture, the packing density and
the pore size distribution.

Agreement between the model calculations and measured D values is
generally within the experimer%al uncertainties in the cata. A typical
result is shown in Figure 12.t° 4) " For the calculations, the pore size
distribution was deduced both from water drainage curves and from particle
size distributions. .

4.2 DIFFUSICH COEFFICIERT. CORRELATIONS

Empirical correlations for estimating D have the advantage of being
simple and easy to use, with a minimal amount of information nceded. One

11»'
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FIGURE 11. REFERENCE VOLUME OF UNSATURATED PORGUS MATERIAL
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FIGURE 12. COMPARISCM OF RACCH DIFFUSION COEFFICIENTS AND MCDEL
CALCULATION FOR RIVERTON, WYOMING SOIL.
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of the eari- correlations related D with the wet weight-percent moisture in
the soil.(5% Subseguantiy, the develecgnent of the model for D rovealed

“that the “raction of saturation, =, was the primary fundamental parameter

characterizins D. & more recznt corveiation using the parameter, m, is
reconmended for use, It i3 given by:

D = 0.07 expl-a4(w - mp2 + msﬁ R - (12)
' L

and is plotted in Figures 10 and 12.

The relationship between the fraction. of satu"atlon m, and the
commonly-measured moisture percentage, M, is:

= 102 w/(1/p - 1/g) , (13)
where
p = dry bulk density (g cm=3)
g = specific gravity (g cm=3)
M. = dry weight percent moisture {gm water/gm dry soil) x 102

The exponential argument in the correlation ic a simple power series
in m, where the first term defines the general downward slope. The seccend
term contains the porosity influence and also causes a more gradual
decrease with moisture in the pore €illing region. The final term in the
exponential argument accounts for major pore blockage near saturation and
causes the more rapid decreases needed in this region,

4.3 UNCERTAINTIES OF B CORRELATION ESTIMATES

The correlation shown in Figure 10 has a geometric standard deviation
of 2.0. However, individual estimates for a part1cu1ar soil at a given
moisture may be uncertain by as much as an order of magnltud;, especially
for higher values of m,

A reduction can be achieved in the error associated with a D value
from the ccrrelation if just cone measurement is made with the candidate
soil. In general, if the D at a given m for a specific soil is higher than
the correlation, it will remain KRigher for other valuss of m. As seen in
“igure 13, this is also true if the measured D is lower than-the correla-
tion. Values for the four soils shown in the figqure alsc indicate the fact
that materials with a wide range of particle sizes have lower D values.
Therefore, by normalizing the correlation to a measured value for the D of
a specific <oil at a given m, more accurate estimates can be made for the D
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FIGURE 13. PARTICLE SIZE DISTRIBUTION EFFECTS ON D.
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H = dopth to the water table (ft)

Equation 14 can also be canressed in the form to estimate the dry-
weight percent s3il moisture:

M = 3.1P% - 0.03€ + 3.9fcq - 1.0 (16)

whera M is the dry wa2ight percent soil moisture.

4,5 COMPACTICN EFFECTS OM DIFFUSION COEFFICIENTS

Compaction of the cover materials generally reduces the equilibrium D
value. The docminant effect is from the increase in the equilibrium m;
however, for some soils, D also decrease with greater ccmpaction at a
fixe¢ m, For. soils with higher compactions, such as represented by the
data in Table 3, systematic blases from the corre]ation are observed for
certain types of soils.

The soil description in Table 3 is based upoh tn2 percentage ¢f clavs

-and silts in the material, which is determined from the fracticn passing a

No. 200 mesh screen. As stated previously, the soils are placed into four
groups, according to the fraction passing a No. 200 sieve,

Diffusion coefficients from the first group are an average of
20 percent lower than the correlation, and those from the second group are
50 percent lowsr. Those in the third group are within one percent of the
correlation, on the average, and the fourth group averages 30 percent
higher than the correlation. These biases should be applied to the
correlation in Equation 12 if it is used to obtain an estimate of D. For
example, for a soil with f.m less than 0.3, the D obtained from Equation 12
can be divided by 1.2 to obtain a more accurate estimate of D.

The biases are cons?stfnt with predictions from the diffusion
coefficient computer model. A material with a high clay-silt content
is not as effective in attenuative radon as a material with a wide range of
particle sizes, for a given saturation percentage. These characteristics
should be considered when selecting cover materials.

A significant 1increase in the lower limit of the volumetric water
content, @, also occurs for meny soils at higher compactions. The i crcas
was part1cu1ar1y significant for densities exceeding 1.5 g/cn 26,060

Examination of the relationship between m, 8 and porosity, p, is he1pfu1 in
explaining the increases :

= 6/p (17)
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The volumetric misture, 6, increases because the pore size decrcases, and
additiona)l moisture is retainzg in Lhe pores due to their smaller radius,
and henrce their increacse suction. In addition, the porosity decreases with
inrcreacing compaction. In some cases m more than doubies in magnitude for
censity increacas of 30 percent,

The dual effect of increasing compactien on © s illustrated in
Figure 14. This well-graded soil has 25 percent passing a No. Z00 mesh.
Increasing the bulk density by eight percent increases the equilibrium m by
about 0.3¢. It a'so results in a value of D that is about a factor of four
less than the correlation value of D at the same value of m, The effect of
compaction on gquilibrium soil moistures has also been demonstrated in
field tests.(38)

4.6 SUMMARY

A simple correlation can be used to estimate D for many soils. The
uncertainty associated with the correlation can be reduced by removing the
variability associated with the soil type. This can be accomplished by
ncrmalizing the correlation to a data point for the soil under investiga-
ton. The moisture content of the soil greatly influences D, thus, it is
important to consider the moisture when estimating or measuring D.
Finally, a higher compected soil generally has a higher equilibrium
moisture content and a lower D.than the same soil at a lower compection.

4-8
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5. - OTHER FACTORS INFLLENRCING PADCH MIGRATICH

Three other Tactors influencing raden migraticn warrant consideration,
They are the source term {the {ailinos), the effects of defacts in the

cover, end the eifests of advection.

Characterization of the source term is a major step in performing the
design analysis of an adequate ccver system. As given by Equatien 3, the
key parameters for the socurce term are the redium concentration, the dry
bulk density, the emanating pow2r, and the diffusion coefficient.

Values for the radium concentration, R, of tailings can be measured
directly from tailings samples by the radon equilibrium methcd, and by
direct gamma spectroscopy.(zovb') If a radium analysis is not available,
it can be estimated quite accurately from the uranium concentration of the
ore as specified by the ore grade, using the following equation:

R = KaG (18)

where

G

ore grade (wt% U30g)

Ka 2212 pCi (225Ra) per gram soil/(wts U30g)

This equation presumas equilibrium between the uranium and radium in
the ore and all radium being contained in the tailings.

The bulk density, py, of the solid tailings material is a relatively
easy measurement to perform. .In the absence of measured data a typical
value of 1.5 g/cm3 can be used for the bulk dry density. The density of
most tailings piles will be within 35 percent of this value.

The emanating power, E, for uranium t2ilings is the fraction of the
radon genarateqd that is free to diffuse in the pore spaces. It has been
shown recently(GZ) that t varies with moisture, A? shown in Figure 15, €
can vary considerably for different tailings piles.{5 However, for most
practical applications with wuranium tailings, a value of 0.2 is' a
reasonable estimate of E. The dati shown in Figure 15 are based upon a few
grab semples per pile.

5.2 SGIRCE TEPH TMPACTS DM RECLAMATION DESISY

The utilizztion of scurce term information can have beneficial impacts
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on reomeaial action dssign cen

ents.  For crx2wple, the sand cornonent
tailings can be effective a Tt

layer af a tailings cover, As ean
llustration, the original pi “stion consists of 2 cenira) core of
slimes surroundad by an cuters . nds,  The slimes occupy &0 percent
of the piie and th2 sands compriss o0 parcert of the taitings. (Othor Key
paramaters used in the raden calculzlions Tor this example are given in

1
2
a

Tehle 4. The exampie is for & warm, dry climats with & dry, sendy material .

J

used for the cover. The vclume average radium content for tne pile is
660 pCi/g, yielding an average bere tailings flux of £57 pCi/mls, The
calculated cover thickness reqguirad to reduce the average surface flux to
20 pCi/mzs is 434 cm. Some savings in cover costs can be realized bty
covering the slimes portion of the pila with sand tailings. The sand
tailings are not as effective as the cover material because they have
elevated radium concentrations; however, their use as a lower cover layer
result in a net decrease in the amount of clean cover material recuired, so
that. using a sand tailings layer of 122 cm, the clean cover thickness
required is reduced from 454 cm tc 410 cm.

A series of calculaticns were also performed for varying thicknesses
of the sand tailings layer, and a sand tailings cover efficiency for the
example was generated. It is defined as the fraction of clean cover that
can be replaced by sandy tailings to yield the same radon attenuaticn
through the system. As shown in Figure 16, the sand tailings are nearly as
effective as the clean cover, The cover efficiency varies from 60 percent
to 80 percent, decreasing with increasing sand tailings layer thickness: A
cover efficiency of 70 percent means that one meter of sand tailings eas
cover is equivalent to 0.7 m of a cliean cover soil with the sama D value.

5.3 LONG-TERM INTEGRITY OF TAILINGS COVERS

A major consideration in determining the radon release frcm a tailings

‘cover system is the long-term condition and integrity of the tailings and

cover system itself. Even though an effective cover may be placed
initially over the tailings, there are many mechanisms that can disrupt a
cover, and, because radon generally takes the path of least resistance,
these mechanisms can render a significant part of the cover less effective
in attenuating radon. The diffusion and advection mecharisms responsible
for the transport of radon through porous materials can cause radon to
migrate significant distances from its point of origin if there are defects
in the material. Three of these mechanisms which can disrupt a cover are
vegetation, cracking and animal burrowing. The growth of vegetation in the
cover may affect the cover integrity 1{in several ways. First, tne
occurrence of plants will remove moisture from the cover soil due to plan
transpiration, This loss of moisture can dramztically reduce the covers'
effectiveness in attenuation radon. For example, if a cover, which_con-
tains a 12 percent dry-weight moisture, raduces the flux to 2 pCi/mlsec,

_them the same cover with a 7 percent moisture contert and the saue total

porosity cnly reduces the flux to 17 pti mésec. ~A decreese to five percent

would yield a surface flux of about 28 pCi/mzsec. Second, if the plant:
“dies or lepses into a dormant or semidormant state during rperiods of
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F
TABLE 4
KEY PARMMETERS FOR SOURCE CALCULATION EXANPLE

Value For Value For
Parareter Stimes Sands
Radium Content 600 pCi 200 pCi
Density 1.6 g/cm3 | 1.6 g/cm3
Porosity ' 0.38 0.38
tmenation Ceefficient 0.4 0.3
Dt 0.01 cm?/s 0.02 cm?/s
'Dc | 0.035 cm?/s 0.035 cm?/s

reduced precipitation, then air channels surrounding the. roots may develop
in the cover soil due to the reducticn in size of roots. This dormant
state can occur repeatedly for a significant fraction of each year.

e

A series of three-dimensional radon diffusion calculations have been

performed for tailings cover systems with cracks and with holas from
burrowing animals and vegetation. 43) Although the results of calculations

depend somewhat upon the particular geometry of the cover penetraticns, and-

other diffusion properties, the ccver degradation with penetration
magnitude can generally be approximated by the correlation shown in

Figure 17. ‘This correlation was obtained from the results of the series of -

3-0 coqfufer calculations applied to various penetraticn geometries and
sizes.( 3 The abscissa of Fiqure 17 is the percentage a~ea occupied by
the disruption (cracks or holes). The ordinate is the percentage effective
loss of cover effectiveness to the depth of the disruption. For example, a
disruption that opens four percent of the area can result in a 50 percent

“loss of the effectiveness of the portion of the cover affected by the

disrupticn. If the roots extend five feet, then the top five fcet of .over
has the effectiveness of only 2.5 feet of original cover. However, cracks
in properly designed tailings covers are generally relatively shallow and
have only a minor effect on the surface radon flux.

In other work on the effects of cover defects,(44»45) multidimensional
diffusion theory calculaticns suggest that a collection of cover defects
which enhance radon flux by a factor of two or more will be easily

.recognized, e.g., cracks at_least 2 cm wide, spaced _less than 1 m apart _and _
- penetrating 75% of the cover thicknass,

#8326
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The follewing techniques are recommended to avoid the formation of

defects: (%5

1. Avoid soils that form shrinkage cracks. These include soils
that are rich in smectites, i.e., aluminosilicate clays which
form wide and deep shrinkage cracks. They can be detected
by standard soii shrinkage tests or by a variety of tests
that characterize clays.

2. Avoid soils that are eroded easily by precipitation runcff.
These inciude sodic soils, i.2,, soils containing unusually
high cencentrations of leachable sodium ion. They can be
identified by their sodium adsorption ratios being greater
than 15,

3. Use care in the design and application of the cover,
In summary, several techniques are available for maintaining. cover
integrity. If cracks develop the percentage loss of .cover effectiveness in

the crack depth zone is approximately egual to twelve times the percent of
the surface area disrupted by cracks (Figure 17).

5.4 RADON TRANSPORT BY ADVECTION

Over the last several years there has been growing evidence presented
to suggest enhanced radon transport in the environment, Measured radon
releases from the earth's surface have been associated with radium and
uranium sources that are -sufficiently removed from the earth's surface
to preclude normal diffusional - processes from being the dominant
mechanism by which the radon is transported to the surface. An example of
this is the enhancement of the surface radon flux that occurs prior to
earthqudake activity and the enhanced surface radon flux halo associated
with deep hydrocarbon ceposits. These phenomena suggest trat radon is also
transported in the geosphere by convective or advective mechanisms. Such
mechanisms may also influence the long-term radon transport thrcugh the
covers of wuranium mill tailings, resulting in long-term average radon
releases that are significantly enhanced over the releases predlcted with
simple diffusion theory.

Most phenomena, including other diffusional processes, that can
potentially influence radon advection couple into the radon transport
equation by the time- and position-dependent velocity term. The magnitude
and cyclic frequency of the advective velocity, v(x,t) and the depth over
which it occurs are critical factors in determining the degree of
enhancement of the radon flux over its diffusive value., Hence, it is
impcrtant to ascertain the form of vi{x,t) in order to estimate the flux
enhancement from the advective velocity. For example, water evaporation
from a tailings cover is generally a cyclic phenomenon, If most of the
water evaporation from the soil occurs within a distance of 20 cm of the
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surface, then no significant radon flux enhancement will cceour, ?vgn if the
evaporation rates preduce rclatively high advective velocities. (42

It has been shown thot by defining a diffusive velocity as 2\/;6, the
flux enhancement can be estimated guantitatively with relatively sirmnle
expressions, enabling many insights to be gainad about raden advectisn,
Three important perameters dotermine the long-term megnitude of flux
enhancement from advection--the peak advection velocity, the depth over
which the advection eapplies, and the time period of the advection. In
general advection has only a miror long-term effect on the ragon flux until
the advective velocity 1is significantly greater then the diffusive
velocity.

The effect of advection from cyclical mechanisms on the long-term
average radon flux can be estimated by measuring Jpax, the flux at the
maximum point of the cycle and Jpip, the flux at the minimum point of the
cycle. The total . long-term average flux, dJ3, is just the arithmetic
average of Jmay and Jpin. Furthermore, the ratio of total average flux to
the simple diffusicn flux, Jgq, can be obtained from Figure 18 by forming
the ratio K = JInax/dmin. The ratio of the maximum amplitude, vg, of the
advective velocity to the diffusive velocity, vd4, is also given in the
figure. For example, if a series of flux measurements on a tailings pile
yield a Jpax of 63 pCi m~2s5-1 and a Jpip of 5 pCi m2s=1, then K is equa?
to 12.6, and from Figure 18, the flux enhancement, Ja{Jd, is 1.9. The
Tong-term total flux, J,, is (68)/2 =_34 pCi m-2s-1l;  therefore, the.
diffusive flux, J4, would be 18 pCi m-2s=1,  The ratio of the maximum
amplitude of the advective velocity to the diffusive velgcity is
vo/vd = 1.6, A common value for the diffusive velocity is 3x10-% cm s=i.
Therefore, the maximum. magnitude  of the advective velocity 1is about
5x10-2 cm s=1, This is a much larger value than is generally found around
present uranium milling environments; therefore, advection is generally noct
an important effect for semi-arid regions. Because the diffusive velocity
is significantly lower for humid areas, advection may be more prominant in
comparison.
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residual moisture of M = 11.5 dry-weight percent, which yields a value of

6.  SUMMARY AND APPLICATION

Tte raden releases from bare -and covered tailings can-be estimated
using diffusion theory, 1if appropriate diffusion coefficients are used,
The preccedures for calculating the thickness of an adequate cover system
are straight-forward and the calculations can be performed by hand or by
computer programs such as the RALCOM code. A procedural checiilist for the
nand calculations is given in Table 5.

As shown in the table, Step 1 is the calculation of all scurce
parameters. Step 2 is the caiculation of the cover parameters. These
parameters are input to RAECOM for a determination of the recuired cover
thickness and surface flux. If a hand calculaticn is performed, Step.3 is
the calculation of over attenuation parameters and bare tailings flux.
In Step 4, the required cover thickness is calculated. If the system
consists of a multilayer cover, the surface flux from the first layer is
calculated in Step 4 and the diffusion coefficient for the effective source
term is calculated in Step 5. Repeat stsps 4 and 5 until the top layer is
calculated.  The following example(03) illustrates the use of this
crocedure:

The vé]ues used for computing the bare tailings flux are as follows:
Step 1 | |
' R = 231.8 pCi g-1
P = 1.6 gcm3
E = 0.2

Dt 0.013 cm2 s-1

Chebimh ey o e Te ce 4% e e e ke e et

The value of Dy was obtained from Equation 12, us{ng a2 tailings

m = 0.45 using Equation 13.
Step 2

The cover system consists of two feet of well-graded earthen material,
ccvered with random fill or overburden, and one-half foot of top soil. The
P for the well graded material is estimated to be 0.0083 cm? s-1 based upon
an m value of 0.55, and the D for the overburden and topsoil is estimated
to be 0.02 cm? s-1 based upon an m value of 0.35.

- Step 3

Substitution of the above values. into Equation 3 yieids for the bare.

tailings flux:

e
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Je o= (221.8 pCi g7l)(i.6 g cam3)(0.2) x (2.1x107

1.
6 ¢-1 x 0.013 erm-2 -1y

a x 1 x 104 ca® w2 = 123 oCi @2 57l
The valuns of il poeded naramsiers ace:
Well«CraZed
Tailinas Material Overburden
D 0.013 .CU83 .02
n 0.41 0.35 0.35
M 11,5 11.0 7.0
m 0.45 0.55 0.35
- Step 4
Using these values, the previously calculated btare tailings radon
flux, and aSSUQJng the porosities ere equal for all materials yields
Jp = 36.4 pli m™< s74,
f The next step (Step 5) is to calculate the D of the effective source
; term. This composite diffusion coefficient is computed by Equation G.
i Thus, the composite D¢y is computed as:
D¢1 = Dt exp(-byxy) + Dcl[l - exp(-blxl)] -
¢
N where
Dy = C.013 cm? s-1
Dl = 0.0083 cm? s-1
x] = 61 cm
by = (2.1x10-6 s-1/0.0083 cm? s-1)%
by = 0.016 cm-1
then
D¢y = 0.013 (0.379) + 0.00515 = 0.0101 em? s-1
_ Step 4 is then repcatad. tquaticn B yields the depth of overburden-tcpsoil
in additicn to the clay layer by using the following quantities:
i
- 6-2
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P

aF
Y
9

n“”%%

= 0.0101 ¢=<¢ s-1

(=)
(ad
[

xt = more tharm 10 m
J- = 20 pti md 5=l (assumed desired level)

Jt = 36.4 pCi =2 g-1

Xe = 97.6 In| —3-8% = 76 ¢m
| 1.569 + 0.130

Thus, tha total cover needed to achieve a radon flux of 20 pCi m-2 s-1 is:

61 cm clay
+ 74 c¢cm overburden-topsoil

135 ¢cm  total cover

It is also of interest to calculate the cover thickness reguired to meet a
flux. criterion of 20 pCi m-2 s-1 if only overburden-topsoil is placed over
the tailings.

Using Equation 8 with the values,

20 pCt m-2 ¢-1
123 pCi mls-1

.
(2]
1]

(]
[ad
[}

Dt = 0.013 cm? s-1 (the diffusion coefficient of the tailings)
Dc = 0.02 cm? s-1 (the diffusion coefficient of the overburden-
topsoil)

ag/ac = 0.850

gives

Xe = 97.6 1n 12.3 = 185 cm
1.850 + 0.008 |

The above calculations were performed by hand. The appruximaticns
associated with these cover-thickness eguations are accurate to within
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PROCEDURAL CHECKLIST FOR CALCULATING ADEQUATE COVER THICKNESS

Step

1. Octermine Source Term

Comments

Default values, R =» 2,812 6

Farameters, R, €, Py, Pt,2t - Pt = 1.5, pt = 0.35, 9¢ = 2

2. Determine Cover Material
Paremwters, De, Pc, R

3. Calculate Cover Attenuation
Paramcters and Calculate or
Estinate Bare Tailings Flux

4. Calculate Surface Flux or
Cover Thickness

5. For Multiple Layer Cover,
Calculate Effective Source

Dsm

6. Pecpeat For Multiple Layer
Cosers

Dafault values, pe = 0.35,
Qc 2.7

Calculate Item 4 for the first cover
layer, then calculate Item § for the
second cover layer, then calculate ¢
Item 4 for the second cover layer, and
so on until Item 4 §s calculated for
the top layer

ot

D¢

3

Xc

10-2 Htx—- 1 -1
Pt 9t
= 0.07 exp[-d(m-mpz + mSG

» pe? p, [1-0.74 mt]?

-

10-2 Hc[l— - l—J'l
P 9

= 0,07 exp[-d(m-mpcz + ms)]

- RRE(ADy)"

(/o)

» pc? 0c[1-0.7 mc}z
|8

2J¢ exp(-bexe)

’ [1 + (ct/ac)li tanh byxe]

1

+ [l-(at/acjk tenh hyxy ] expl-2hexe)

In e e e
be [(1 +Vag/ac) tanh brxy) ¢ (1 -Vag/ac) tanh byxy)(c/d1)2
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APPENDIX A

MATHEMATICAL BASIS FOR RADON DIFFUSION

The radcn diffusieon equition for a porous, multiphase system, given in
Equation 1, is derived in this Appendix in order to ostain exprassions for
the ecuivalent D descriving the radon diffusion through the system. Since
the basic diffusion relationship pertainad to e single medium, two ccupled
diffusion equations corve as the starting point for the derivaticn. These
equations anply to the diffusicn in the air-space and in the W?ter-space of
the multiphose system. It has been shown previcus]y(so»Ql that radon
diffusion through a two-phase medium in the nore spaces of earthen
materials can be cheracterized by the following diffusion equations:

D, dz?a - ACy + Porta o Twa - (A-1)
dx? p(1-m) p(l-m)
42
D, Cu _ i, + ReAEw _ Twa - g (A-2)
dx2 pm pm.
vhere
Dy = diffusion coefficient in the air-filled pore space (cm2s-1)
Dy = diffusion coefficient in the water-filled pore space (emls-1)
Ca,Cy = radon concentrations in the respective air- and water-

filled pore space (pCi/cm3)

p = porosity

3
L}

volume fraction of moisture saturation of the pore- space

A = radon decay constant

R = radium concentration in material

p = bulk density of dry material

Ea = radon emanation pover coefficient feor the air-filled
pore spaces

Ey = radon emanation coefficient for the water-filled pore
spaces

Tya = vradon transfer rate from water tc the air

A-1
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The sum of £y and E yields the totzl emanaticn coefficient, E, of the
earthen material.
The radon conzentration in the total pore space is éiven by:

C = Ca{l-m) + Cym (A-3)

Combining Equations A-1, A-2 and A-3 yields

2
p &C L ac + RpaE/p = 0 (A-4)
dx2
where
= Da(l‘m) + D\.mk A-S
1 - (I-k)m ’ ( )
-and

k = radon distribution 2??fficient, Cu/Ca, for water/air
(k = 0.26 at 20°C)(

Equat1?n A-4 is the radon diffusion equation traditionally
used(1,9, and is identical to Equation 1. The diffusion coefficient D
pertains to the total pore space in the material.

A.1 BARE TAILINGS FLUX

One parameter needed for estimating cover thicknesses over uranium
mill tailings is the radon source term; thus it is desirable to obtain an
expression for the flux from an uncovered teilings pile. Solution of
Equation A-4 for the boundary cond1tlons

%% (x = x¢) =0. (A-6)
C(x =0) =0 (A-7)

yields the following ezpressioﬁ for the bare tailings flux

A-2
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Jp = 105 RV tanh[\/,\?Dt xt] ' (A-8)

where x¢ is the thickness of the tailings and the subscriph t refers to the
tailings. :

A.2 COVERED TAILIKGS

The solution of the diffusicn equation for a *“wo-region problem
appiies to a tailings pile covered with a homogenecus material. For
simplicity, the source term in the cover and the radon concentration at the
surface of the cover are assumed to be zero. The origin is assumed to be
at the interface., It is alsc assumed that there is continuity of flux,
raden concentraticn in air, and radon concentration in water across the
interface. The lattcr two continuity conditions can be combined into the
following interface condition:

Ce C

= C — A_g)
1-(I-k)ine  T-(1-k)rg (
vhere Cy and C. are defined by Equation A-3. .
Continuity of flux across the interface gives:
Depr SCt = pepe 4Cc (A-10)

dx gx

It is convenient to group the parameters comprising the source term in

such a way that the grouped parameter has a physical meaning. This '

grouping is the szme as the expression for the radon flux at the surface of
the bare tailings.

Solution of Equation A-4 using the boundary and interface conditions
in Equations A-6, A-7, A-9 and A-10 yields for the surfece flux:

-bcxc .
ulxe) = 2d¢e (A-11)
(1 + /f.t.'tanh(btxt)>+(1 -,/_al'. tanh(btxt)> e'ZbeC
-ag. ac
where

Xc = cover thickness

bj = VA/Dj (i = cort)

aj = PiZDi[l - (I-k)mif

A-3
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KPPENDIX B

RADIL\ ION ATTERUATION LFFFC IVERESS
AND COJEP aP7 IN SATICH. WITH ¢ FOISTURE EFFECTS |

fRI RAECCH CGOE

The cne-dimensional, steady-state radon diffusion code RAECO,(*g) has
been moaified and updated. The updated code, RAZCOM, is a .CRTRAH program
which determines tha radon fluxes and concentrations in muttilayer uranium
tailings and cover systems using the mathematical formulation given in
Appendix A, and then cptimizes the cover thickness to satisfy a given flux
coustraint. The numerical method of solution in RAEZCOM is identical to
that in RAECO.

Iin proceeding throush a calculation, {irst, the D's are calculated
from a correlation if theyv are not input directly. Then the mig~aticn of
radon is determinad for the specified cover characteristics and the radon
concentrations {C) and the radon fluxes {J) are calculated. - Tha cover
optimization is performed yielding adjusted values (t) for the layer
thicknesses. The radon migration calculations are then repezted for each J
and C with the adjusted cover layer thicknesses, and the resulting surface
flux, Jc, it tested against the specified criterion, Jerit. If this
criterion is satisfied, thn code proceeds to final output. If the flux

criterion is not satisfied, appropriate layer thicknesses are adjusted

within the specified constraints, radon - migration calculations are
repeated, and the surfac2 radon flux is again tested against the flux
criterion. This process is repeated until all criteria are satisfied. The
code then outputs all radon attenuation data. If additicnal cover systems
are to be evaluated, the RAECOM code will re-initialize and perform the

complete analysis for the subsequent cover systems. Any number of cover:

systems can be analyzed by stacking data sets.

B.1 MODIFICATIONMS

Modificaticns to RAECO that are incorporated in RAECCM include:

1. Soil moistures (dry weight percent) are rcad in to ca1tu1éte
the D of any layer not input, using Equation 12.

2. The radon concentration interface condition includes the
© effects of soil moisture (Appendix A).

3. The diffusion coefficient of the pore space, D, and the
pore space radon source term, Q = RpEa/P, are read in
directly instead of the bulk parameters Dp = pD and Qe = pQ.
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4. The optimization routine dces not depend upon cost para ters.

5. If‘desired
~into laver 1,
layer 1.

the program will estimate the entranca radon flux
assuming an infinitely thick subsoil u

nderrneath

B.2 INPUT DATA FGRMAT FOR RAECOM

A1l dinput date
program operation.

Card Set Number

1

is free format. The following input is needed for

Card Description

"Site Designation Cerd - One card with up to 80

characters wnich designates the tailings cover
system and run identification.

Boundary Conditiens and Cost Control Parzmeters - D
Ore card containing six parameter vaiues, each : N
separated by commas in the following order:

(1) N, Number of distinct tailings cover layers:
pos1t1ve integer, . presently limited to 99. -

(2) Ffo01, Entrance radon flux to jayer 1, pCi/mZs.
1f FO1 eguals -1., then FOl is computed
internally for an infinitely thick subsoil.

(3) CN1, Surface radon concentration at top of
system, pCi/l.

(4) 1COST, Integer Cover Optimization Flag,
1COST = 0 if no optimization is to be
.performed, otherwise, ICOST equals the layer
number to be optimized. ICOST cannot equal 1.

(5) CRITJ, Surface F1ux Constraint for
optimization, DC]/m s, CRITJ = 0 for no
constraint.

b d 4 e s < el o oA A

(6) ACC, Surface Flux Convergence Criterion,
fraction.

Individual Cever Layer Data Cards - Cne card for

each tailings or cover layer. Each card is
composed of four parameters: i

(1) DX, The 1ayer thickness in cm.

000081
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(2) 0, Layer radon diffusion coefficient, 2 g-1,

3} p, Layer perosity.

, L
(6; Q, Loyer radon source termm in ol em=2s™i,
(5) M, HMaisture content as dry wi percant.

B.4- SAUPLE PRCOBLEN

The o.,tpdt and input for the exarple problem rc;cmbcd in Table 2 of
the Handbook is given belgw:

RAECOM CALCULATION OF MULTIREGION EXAMPLE

RAECOH CALCULATIOH CF MULYIZEZION EXANPLE
kkkkkiiith TN PUT PARAMETEDRS kbAKRAARIA

NUY2LR OF LAYESS & 3 ,
RADLA ELLX INTO LAYZR ] @ 0.000 pCi/ed/sec
SUREACE RALON CORCENTRATICN @ 0.0 gla/l1ter
LAYER 3 ADJUSIED TO MEZT Jerit @ 20.0 ¢/~ 0.100E-G2 pCi/cl/sec

BARE SOUZCE ELUX (Jo) EROM LAYER 1 2 198.4 pCi/a2/sec .

LAYER THICHKESS DIEE CCEFE FOROSITY SOUECE FOISTULE
(ca) (cr2/sec) {pli/cald/sec) (¢ry wi. percent)

1 0. 1.30008-02 0.44%0 $.73302-04 11.70

2 . 7.8000E-03 0.3%¢0 WRELOIEI | 6.30

3 100. 3.2400E-02 0.37%0 0.0000E-01 S.40

hiah RESULTS OF RADON vIFFUSION CALCULATIONKRE.

LAYER IHICKH“SS EXIT FLUX EXIT COXC. NIC
(ca) (pCi/a2/sec) (pCi/liter) '
1 500. 7.6937E+%] 1.6701E4G5 0.7025
2 50. 4.523574C0 4.4]195E+04 0.7:63
3 149, 2.0011E400 0.000¢2-01 0.5163

RAECOH CALCITATION OF MILTIZESICH EXAWPLE -
3, Coy 0., 3, 200, .00
th., L1518 02, 1

ey WD,
100., .022,".%
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